In October-November 1983, Doppler sonars mounted on the research platform Flip were used to scatter 75-kHz sound from the underside of the sea surface at low angle, as well as from the interior of the mixed layer. Surface gravity waves were seen in velocity estimates from the surface scattering sonar, even though the wave conditions were unusually calm. Valid measurements of sea surface motion were obtained over the range interval 600 to 1400 m from Flip. A second sonar which transmitted horizontally and scattered from the interior of the mixed layer also sensed surface waves, although with amplitude reduced in proportion to the decay of the motions with depth. Wave number-frequency spectra of the observed motions are consistent with linear theory. The existence (emergence) of this technology enables the synthesis of kilometer-long surface wave arrays in the open sea, without the cost and logistical support usually associated with large-aperture arrays. In addition, the Doppler acoustic approach can provide information on lower-frequency surface currents and on the spatial variations in these lowfrequency currents, such as Langmuir cells, which might affect wave propagation. Surface-scanning sonars have previously been used to trace wave breaking and bubble cloud evolution through scattering intensity variations [Thorpe, 1986, and references therein]. For winds greater than about 2 m/s, the 75-kHz acoustic returns described here are also dominated by scattering from near-surface bubbles, rather than scattering from Bragg resonant gravity-capillary waves I-McDaniel and Gorman, 1982; Thorpe, 1986]. As a consequence, it should be possible to use the sonar intensity to trace the density of bubbles in the nearsurface layer of water, as was done in the previous works of Thorpe [1986] and Vagle and Farmer [1986]. In these works it was found that intense bubble injection "events" accompany the passing crests of breaking waves, with stronger breaking resulting in greater numbers of bubbles injected to greater depth. To our knowledge, Doppler analysis of surface-scattering acoustic returns has not previously been done. In the following sections the 1983 experiment is more fully described. Examples of two-and three-dimensional wave numberfrequency spectral estimates are presented. A brief discussion of the results concludes the work.
]. Here we show that "single-ping" profiles, produced every 2 s, are useful for observing surface gravity waves.
Surface-scanning sonars have previously been used to trace wave breaking and bubble cloud evolution through scattering intensity variations [Thorpe, 1986 , and references therein]. For winds greater than about 2 m/s, the 75-kHz acoustic returns described here are also dominated by scattering from near-surface bubbles, rather than scattering from Bragg resonant gravity-capillary waves I-McDaniel and Gorman, 1982; Thorpe, 1986] . As a consequence, it should be possible to use the sonar intensity to trace the density of bubbles in the nearsurface layer of water, as was done in the previous works of Thorpe [1986] and Vagle and Farmer [1986] . In these works it was found that intense bubble injection "events" accompany the passing crests of breaking waves, with stronger breaking resulting in greater numbers of bubbles injected to greater depth. Doppler radar techniques have also been used to observe the ocean surface over periods of time [e.g., Plant et al., 1983] . Surface-scattering radars and sonars differ in a way which may make them complementary. For moderate to grazing incident angles, radars scatter primarily through Bragg resonance with short surface waves [e.g., Valenzuela, 1978; McDaniel and Gorman, 1982] . In contrast, as has been mentioned, the 75-kHz sonars described here scatter primarily from nearsurface bubbles [McDaniel and Gorman, 1982; Thorpe, 1986] . Thus radars can provide information about the short, modulated waves [e.g., Plant et al., 1983] , while the sonars provide information about bubble density and thus about whitecaps or breaking events [Thorpe, 1986; Vagle and Farmer, 1986] . Since the short waves are strongly coupled to the wind, and since bubbles are linked to breaking events, simultaneous radar and sonar measurements could provide information about the energy input to and output from the surface wave field.
To our knowledge, Doppler analysis of surface-scattering acoustic returns has not previously been done. In the following sections the 1983 experiment is more fully described. Examples of two-and three-dimensional wave numberfrequency spectral estimates are presented. A brief discussion of the results concludes the work. 25,000 numbers per second. To permit continuous operation of the system, a Map 300 array processor is used to compute statistics of the raw echo data and to average these statistics over 30-s intervals. On the night of October 26, 1983, 1 hour of unaveraged data from all six sonars was recorded on tape, filling one 1200-foot (366 m) tape roughly every 7 min. This was the only segment of data recorded during MILDEX which was capable of resolving surface gravity waves. During this "raw data" run, Flip was oriented with the starboard sonar pointing due east (90 ø ) and the port sonar pointing due south (180ø). A servo-controlled thruster, linked to the ship's gyrocompass, maintained this orientation to within _ 5 ø.
Henceforth these sonars will be referred to as the east and south systems. The east sonar is the one which grazed the surface. The wind was steady at about 4 to 5 m/s from 30øT, and a 12-s swell of about 0.5 amplitude (1-m crest to trough) was incident from the WNW.
In operation, each sonar transmitted a sequence of four tones every 2.0 s. Velocity estimates were formed using the complex covariance technique [Rummler, 1968] Swell propagation also appears in the surface backscattering intensity signal of the east sonar, to a small extent. To bring this out, a time average of intensity at each range can be removed. This reduces the effects of beam spreading and attenuation with range. Additional variations of intensity with range due to tilting of Flip are then reduced by subtracting a least squares-fitted quadratic curve from the intensity versus range of each ping. A sample of the resulting intensity anomaly field is shown in Figure 4 and Plate 3. (Plate 3 can be found in the separate color section in this issue.) Clear signs of fluctuations in scattering strength which propagate at the wave phase speed are seen. To further investigate, the cross spectrum (V(k)I*(k)) between the east sonar velocity and intensity anomaly has been calculated for various wave numbers, averaging over the entire data set. The associated coherence and phase estimates are presented in Table 1 . To provide a rough estimate of the effective degrees of freedom, the total averaging time (~ 56.1 min) is divided by the maximum period corresponding to each wave number k (i.e., assuming the waves to be going due east). The corresponding standard deviations from zero (68% confidence levels) are shown in the last column of Table 1 cers are used, the effect of platform motion will be much less significant.
Wave orbital velocity decays exponentially with depth. To correct for this decay, the wave number magnitude is estimated from the measured frequency using the linear dispersion relation. A single correction factor is then applied at each frequency. The adjusted frequency-wavenumber spectrum for the South sonar is shown in Figure 6 .
From examining the single-beam spectra shown in Figures  2 and 3 and in Plates 1 and 2, it appears that the swell was propagating more from the west than from the northwest. The "eastward" side (positive wave numbers) of Figure 2/Plate 1 is much more energetic than the "westward," with a sharp cutoff at the wave number matching dispersion. In contrast, the "southward" energy levels (positive wave numbers) of Figure  3 /Plate 2 exceed the "northward" only slightly. The power in the south beam spectrum tends to peak at wave numbers smaller than the maximal value given by linear dispersion.
A DIRECTIONAL-FREQUENCY SPECTRUM
To demonstrate the potential of this observational system, the three-dimensional wave number-frequency power spectrum Sk•o, is estimated (Figure 7) . No attempt is made to "optimize" the estimate using advanced signal processing techniques. Rather, an extremely simple Mills cross processing scheme is used [Pinkel, 1981] , with the objective of illustrating the inherent strengths and weaknesses of the approach. As with the single-beam spectra, these are spectra of surface velocity, not elevation. Recall that a surface wave elevation spectrum with an co-5 frequency dependence corresponds to a velocity spectrum with an co-3 dependence. For reference, the peak spectral value (in Figure 7e) Several aspects of this "simplest method" should be noted. First, the sin 0 cos 0 response function implies that no estimate is available along either axis (north or east). This is because only cross products between beams are used. Additional information is contained in correlations along each beam separately but is neglected here. (In Figure 7 the spectral estimates along each axis were set to zero, and then 3 x 3 smoothing in the (k, /) planes was applied. This effectively interpolated the on-axis spectral estimates from adjacent values.) Second, estimates adjacent to each axis are contaminated by noise, due to amplification by the 1/sin 0 cos 0 factor. This effect is noticeable in Figure 7a (the highest-frequency plane)' ridges appear near the axes at higher wave numbers (though spread out slightly by the 3 x 3 smoothing). Third, statistical sampling errors lead to artificially large correlation magnitudes along crosses centered on any large "true" power estimate (see, for example, Figure 7e ). For a band average over 32 frequencies, the magnitude of this effect is about 0.18 times the product of the two amplitudes, which is further magnified by the sin 0 cos 0 response correction. This results in ridges leading away from the large amplitude peaks in Figure 7 , which flare up both near the axes and at high wave numbers as either sin 0 or cos 0 approaches zero.
The directional-frequency spectrum shown in Figure 7 is consistent with the visual observations. The swell is highly directional, from the WNW. While the peak amplitude in Figure 7 appears in the 13-to 16-s band, the mean period is closer to 12 s, owing to the sharp low-frequency cutoff and broader high-frequency decay. As frequency increases, the peaks in Figure 7 move toward higher wave numbers and also move closer to the east axis. This last effect is perhaps an artifact of the analysis. Recall that the south sonar data is amplified to compensate for exponential decay with depth. The higher the frequency, the noiser the resulting south sonar data is. With finite statistical precision, there is a finite contri- Three-dimensional wave number-frequency spectra were estimated using the Doppler data. Wave motions were resolved to periods as short as 7 s (70-m wavelength) in these spectra. The influence of linear dispersion was clearly seen. The noisiness of the south sonar, due to the exponential decay with depth of the waves, introduced some uncertainty in interpreting the rather simple estimates produced here. Considerable improvement can presumably result by using two (or more) surface-scattering beams and more sophisticated analysis techniques. Our intent here is to point out the existence and the potential of this surface-scanning acoustic Doppler technique for measurement of directional spectra and breaking events.
An ideal sonar for this type of work would transmit a fanshaped beam, broad in the vertical plane but narrow in azimuth. This would illuminate (ensonify) the sea surface more evenly than the vertically narrow beams used here. With fanshaped beams the return intensity would be more easily related to bubble density. Also, platform motion would become a less significant problem. Pitch and roll of the transducer would affect the output very little. Only yaw, variation in azimuth, would need to be suppressed. Thus surface wave measurement from subsurface moorings or from slowly moving ships becomes a possibility. Intensity variations can also be used to observe breaking events and the subsequent decay of the resulting bubble cloud [Thorpe, 1986; Vagle and Farmer, 1986] , providing a useful supplement to the surface wave directional information. The prospect of being able to measure surface wave propagation continuously for distances greater than a kilometer, to sense the surface currents which interact with the wave field, and to get a measure of breaking activity (bubble formation) using a single instrument encourages further study and development.
